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1 Introduction

Background and Rationale

Comporting is generally defined as a microbial process for conversion of
organic wastes into humus under aerobic, thermophilic conditions (Woodward
1990). At least three components are requiti: organic material to reduce
bulk weight and provide substrate for microbial metabolism; bulking agents to
provide structure and aeratio~ and a source of active microorganisms (Haug
1980).

Factom that affect comporting efficiency include moistum, temperature,
aeration, and carbon-to-nitrogen ratio of the organic material. Moistm optima
vary with the type of bulking materials used, but are typically between 40 and
60 pement by weight (Wiison 1989). In typical compost piles, temperatures
rise from ambient through mesophilic (25 to 35 ‘C) and thermophilic (45 to
65 ‘C) to 70 ‘C or more, at which even the thennophilic microorganisms are
imctivated, and the temperature declines as the microbes die. Aerobic micm-
bial activity for decomposition of organic matter is typically much faster and
more efficient than anaerobic activity (Alexander 1977). However, decomposi-
tion of some organic contaminants may be favored by anaerobic activity
(McCormick, Cornell, and Kaplan 1984). Nonetheless, comporting is ordi-
narily considered an aerobic process (Woodward 1990). Therefore, aeration to
oxygen levels of 5 to 15 percent are suggested (Stentiford, Mara, and Taylor
1985). The ratio of available carbon to nitrogen (CN ratio) is an important
factor controlling metabolism by microorganisms. In compost, the ideal C/N
ratio is generally considered to be 20 to 30 parts carbon to each part nitrogen
(Haug 1980).

Results of pilot and field studies at the Umatilla Munitions Depot Activity
(UMDA) indicated that comporting of explosives-contamina~d soils is an
attractive and economical alternative to incineration (Williams and Marks
1991). Results of compost analysis after 90 days when 10 percent of the com-
post was explosives-contaminated soil indicated a 98-percentreduction in TNT
(Griest et al. 1991). Analysis for several well-known transformation products
of 2,4,6-trinitrotoluene OWT); 4-amino-2,6-dinitrotoluene (4ADNT); 2-amino-
4,6-dinitmtoluene (2ADNT); 2,4-diamino-6-tintoluene (24DANT); and 2,6-
diamino-4-nitrotoluene (26DANT) indicated a general increase in 4ADNT until

1
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90days(sampledat0, 10,20, 44, and90 days) when a decrease was
observed. Small amounts of 24DANT and 26DANT appemd at 44 and
90 days. Production of these transformation products was insufficient to
account for all of the loss of TNT observed. These results suggest that TNT
was either-mineralized or became integrated into the compost matrix in a form
that was unextractable by methods recommended for analysis of TNT in soils.

Mass balance studies to resolve these two potential mechanisms of TNT
disappearance required use of a small-scale system that adequately simulated
the comporting process. Mass balance of an experimental system is achieved
when all of the material of interest that was introduced into the test system,
e.g., TNT, can be accounted for at the end of the experiment. The goal of the
mass balance determination is to account for 100 percent of the added
material. However, experimental error often reduces total recovery.

The end products of comporting of TNT-contaminated soils may be simple
inorganic constituents such as carbon dioxide, slightly mo~ complex volatile
compounds, extractable or unextractable transformation or degradation pro-
ducts, and/or the unchanged parent compound. “Compartments” into which
the final products may move include the foIlowing: carbon dioxide, volatile
organic compounds (VOCS),extractable compounds, and unextractable com-
pounds (Figure 1). Since the transformation/degradation pathway for TNT in
compost is undefined, only a few of the potential products of TNT am known.
Furthennom, methods for analysis of unextractable compounds are undevel-
oped. The best method for tracing TNT and any products into each compart-
ment is to use radiolabeled [14C]TNT.Therefore, uniformly ring-labeled TNT
was added to the tests.

Mass balance was determined by assaying each compartment for radioactiv-
ity. The model for mass balance (Figure 1) includes a summation of the per-
cent of added radioactivity found in each compartment and an error term
representing any unaccounted for remainde~ the smaller the error term, the
better the mass balance. Procedures for analyzing each compartment for the
radioisotope were developed. Concumntly assaying each compartment for
TNT and its transformation or degradation products by an analytical method
capable of identifying products is desirable since measuring radioactivity only
indicates the compartment in which 14Cresides. Therefore, all extractable
compartments were analyzed by high performance liquid chromatography
(HPLC) for TNT and known transformation products of TNT. The available
HPLC methods require removal of the compounds from the solid phase by
extraction with organic solvents. However, not all of the compounds poten-
tially formed are extractable (Bennington 1988). In fact, if humification of the
TNT has occurred, detection of the humification products by any method
except radioactivity of the added radiolabeled TNT will not be possible.
Nevertheless, analysis of the extractable material contributes to an understand-
ing of the ultimate fate of TNT in the comporting process.

.-
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Objectives

The overall objective of the study was to develop a mass balance of TNT
in a small-scale compost system. Objectives of each of the six small-scale
experiments wem as follows:

Experiment I:

Experiment II:

Experiment III:

Experiment IV:

Experiment V:

Experiment VI:

Verify that comporting of TNT occum in the small-
scale test system and refine analytical techniques.

Monitor the microbial behavior of the small-scale test
system and refine procedures for microbial analysis of
comporting.

Determine mass balance in the small-scale test system
under mesophilic conditions.

Determine the fate of TNT in simulated therrnophilic
conditions using a TNT-amended soil.

Detexminethe effects of abiotic processes on the fate of
TNT in the compost matrix.

Determine the fate of TNT in simulated thermophilic
conditions at a small scale using a field-contaminated
soil.

4

“-
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2 Materials and Methods

Reactors

A modification of a test chamber described by Magalhaes et al. (1991) was
adopted for this study. The test chamber consisted of wide-mouthed glass
canning jam (473 cm3) with modified Iids (F@ue 2). Lids were equipped with
an air inlet and an air outlet port as well as thermocouple and sampling ports.
A false bottom was made of 0.3-cm plexiglass with a 5.1-cm opening. The
false bottom held the compost 1.5 cm off the bottom of the ~actor. The open-
ing was covered with air-permeable polyester fabric to pnxent compost Ilom
falling to the bottom of the jar and to allow airflow throughout the compost.
The plexiglass also served as a baffle to prevent air from passing along the
walls of the jar rather than through the compost.

Test Soils

Sharkey clay and Tunics silt (Table 1) were amended with radiolabeled
TNT for Experiments I-IV, and UMDA soil @ables 1 and 2) was amended
with radiolabeled TNT for Experiments V and VI. Soils were characterized
after air drying and sieving to 2-mm maximum particle size. Oven dry weight
(ODw) was determined by drying 1 g of wet soil at 105 “C to constant
weight. Particle-size distribution for all test soils was determined by the
method of Day (1956) as modified by Patrick (1958). Total organic carbon
was determined by American Public Health Association (1989) Method 5310
D. Cation-exchange capacity was determined by the ammonium saturation
method (Plumb 1981). Extracts were analyzed according to U.S. Enviro-
nmentalProtection Agency (EPA) Standanl Method 350.1 (EPA 1982). Soil
pH was determined on magnetically stirred soil slurries (1:2, soil:water) using
a Beckman Model SS-3 pH meter (Beckman Instruments Inc., Fullerton, CA).
Oxalate extractable Fe, Al, Mn, and Ca wem determined according to the
method of Brannon and Patrick (1985). Metals were assayed on a Beckman
Spectra Span IIIB Argon Plasma Emission Spectmphotorneter (Applied
Research Laboratones, Dearborn, MI). The UMDA soil was analyzed for
explosives by EPA SW-846 Method 8330 (EPA 1990). Analytes included
TNT, 1,3,5-trinitm-1,35-hexahydmtiazine (RDX), 1,3,5,7-tetranitmoctahydro-
1,3,5,7-tetrazocine (HMX), tetryl, 1,3-dinitrobenzene (DNB),

Chapter 2 Materials and Methods
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1,3,5-tinitrobenzene (T’NB), 2,4-dinitrotoluene (24DNT), 2,6-dinitrotoluene
(26DNT), 2-amino-4,64initrotoluene (2ADNT), 2,4-dinitmbenzene (DNB), and
4-amino-2,6-dinitrotoluene (4ADNT). Sharkey clay and Tunics silt, which
were taken horn sites having no history of exposure to explosives, wem not
analyzed for explosives.

Soil amendment for

Soils were amended

Experiment I

with 10-pg TNT/g ODW of soil. One-tenth of the
amendment (1-pg TNT/g) was [U-ring-]4C]TNTl (2.1 x 105DPM (dis~ntegra-
tions per minute)/g ODW). Sufficient water was added to 237 g (ODW) of
clay and 240 g (ODW) of silt to produce a 1:2 soil:water ratio. A methanol
solution containing the radiolabeled and unlabeled TNT was added. The
resulting slurries were then placed on a reciprocating box shaker (Eberbach
Corporation, Ann Arbor, MI) for 24 hr at 280 excursions per minute to allow
partitiotig of contaminant into the aqueous and solid phases. Results of
kinetic studies conducted previously indicated that 24 hr was sufficient to
develop steady-state conditions (Benningtonand Patrick 1990). The soil
slurries were air dried under a radiological safety hood for 72 hr, then ground
to pass through a 2-mm sieve. Amended soils wem mixed with other compost
components (see Compost Composition below) and added to individual
reactors. Two reactors received TNT-amended silt and two received TNT-
amended clay. The compost contained 0.9-pg TNT/g ODW and 1.8 x l@
DPM/g ODW. One reactor received silt without TNT and one clay without
TNT to serve as untreated controls. These reactors provided compost material
for background determinations in the analytical processes and for determining
any effects of TNT on operational parameters such as total COZand micmbial
populations.

.-

Soll amendment for Experiments II and Ill

Because of problems with recoveries ffom Experiment I, the partitioning
method was slightly modified. The vigor of the shaking was reduced by using
a rotatory shaker, and the time of shaking was miuced to 4 hr. Recent
research by Brannon (unpublished) indicates that vigorous, longer shaking
results in greater transformation of TNT. Soils were amended with 100-pg
cold TNT and 250-pg radiolabeled TNT2 per g ODW (1.0x 107DPM/g) by
directly spiking an aqueous slurry of soil in a rotatory shaker (New Brunswick
Scientific, New Bnmswick, NJ) at 112 rotations per minute for 4 hr at 4 ‘C.
The 4 h.rwas still within steady-state limits according to kinetics studies

8

1 New England Nuclear Research Products, Bostow MA. Specific activity of 20 mCi/mrnol;
radiological purity >98 percent by HPLC with radiation detector chemical purity >98 percent by
HPLC with an ultraviolet detector.

2 Specific activity of 4.12 mCi/mmol; radiological purity >97.9 percent by thin-layer chroma-
tography; chemical purity S9 percent by HPLC with an ultraviolet detector.
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(Benningtonand Patrick 1990). Each slurry was transferred to individual
batches of compost in a single reactor. This resulted in compost concentra-
tions of 31.82-pg TNT per g ODW (1.0 x 106DPM/g). Two rcactom received
TNT-amended silt and two nxeived TNT-amended clay. One reactor received
unarnended silt ‘imdone received unamended clay to serve as untreated
controls.

Soil amendment for Experiment IV

Soils were amended with 350-pg TNT/g ODW of soil. Part of the amenti-
ment (250 pg/g) was [U-ring-14C]TNTl(1.0 x 107DPM/g ODW). The
remainder was unradiolabeled TNT. Sufficient water was added to 4.74 g
(ODw) of clay and 4.81 g (ODW) of silt to produce a 1:4 soil:water ratio for
each compost reactor. A methanol solution containing the radiolabeled and
unlabeled TNT was added. The resulting slurries wem placed on a rotating
shaker (New Brunswick Scientific, New Brunswick, NJ) at 400 rotations per
minute for 4 hr at 4 ‘C to allow partitioning of contaminant into the aqueous
and solid phases. Soil slurries were mixed with other compost components
(see Compost Composition below) and added to individual reactors. Two
reactors received TNT-amended silt and two received TNT-amended clay. The
final compost contained 15.5-pg TNT/g ODW and 3.5 x 1($ DPM/g ODW.
Two nactors, one of silt and one of clay, were unamended to serve as
controls.

Soil amendment for Experiments V and VI

The UMDA soil was amended with 350-pg radiolabeled TNT2 per g ODW
(9.0 x 107DPM/g) by di~ctly spiking an aqueous slurry of soil in a rotatory
shaker as described for Experiment IV. This resulted in a total TNT concen-
tration in the UMDA soil of 34,900 pg/g. Each slurry was transfemd to
individual batches of compost in a single reactor. Since UMDA soil was
contaminated with 34~50-pg TNT/g, the amendment resulted in a compost
concentration of 3,135-pg TNT per g ODW (8.1 x 1($ DPM/g).

For Experiment V, compost and soil for two of the reactom were sterilized
by autoclaving at 121 ‘C and 15 lb~ of pmsure for 1 hr. Filter-sterilized
radiolabeled TNT was added aseptically to sterilized soils, and the amended
soils were mixed with the sterilized compost Two other mactoxxreceived
sterilized compost plus an inoculum of one-third unautoclaved compost. Two
reactmx werv unautoclaved.

1 Specific activity of 4.12 mCi/mmok radiological purity >97.9 percent by thin-layer chroma-
tography; chemical purity >99 percent by HPLC with an ultraviolet detector.

2 Specific activity of 11.0 mCi/mmok radiological purity >99 percent by thin-layer chromato-
graphy chemical purity >99 percent by HPLC with an ultraviolet detector.

3 To convert pounds (force) to newtons, multiply by 4.448222.

9
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Compost Composition

The compost mixture for all experiments consisted of 33 percent green cow
manure, 22 percent sawdus~ 6.0 percent chopped apples, 17 percent chopped
potatoes, and 22 percent alfalfa. All components were added as percent of wet
weight. Ten percent soil was also added to the compost mixtu~+ All amend-
ments were of particle size 10 mm or less. Finer amendments were mixed
first; successively larger particle-sized amendments were added as mixing
continued. Chopping and mixing we~ done by hand. The final mixture was
moistened to 60 percent water by weight. Compost for each ~actor was
pmpaed separately.

Airflow

Compressed air was supplied to the system at 10 mL/min. Volatile com-
pounds and COZwere scrubbed fkomthe air by passing it through a 5N KOH
trap followed by successive traps containing tenax and activated charcoal (Fig-
ure 2). For Experiment II, air passing into sterilized reactom was also passed
through a bacterial air fflter (Gelrnan Sciences, Ann Arbor, MI). Air was
humidified by passage through sterile water and subsequently distributed via
manifolds comected to flow metem that fed the individual reactom. The air
was delivered below the false floor where it passed up through the compost
mixture and out the exit poxt Upon exiting the compost mixture, the air
passed through traps containing 5N KOH, tenax, and charcoal to collect any
COZand VOCSproduced during comporting. Air exiting the last trap was
vented through a radiation safety hood. The COZtraps were changed and
assayed daily; all other traps were changed weekly.

.-

Incubation

The water bath for Experiments I, II, III, and V was maintained at 30 ‘C.
Mesophilic conditions were selected for these experiments to determine the
effects of mesophilic processes on the fate of TNT in the compost without
additional heat, which is known to affect the stability of TNT.

Incubation of compost reactors for Experiments IV and VI was carried out
in a water bath maintained at 55 ‘C to determine the effects of thermophilic
processes on TNT fate.

10
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Monitoring

Temperature

Temperature was monitored via a Scanning Thermocouple Thermometer
(Cole-Pahner Instrument Company, Chicago, IL) positioned in the center of
each compost reactor. Temperature was recorded automatically every 30 rein,
and the daily mean, maximum, and minimum temperatures determined.

Total and radiolabeled C02

Total COZwas monitored daily by titration. A 2-mL aliquot of 5 N KOH
trapping solution was added to 25 rnL of COz-fke water and 5 mL of 2 N
BaClz and titrated with 0.5 N HCl to a clear phenolphthalein end poin~ The
5 N KOH was standardized against 10 g of primary standard KH~HAOA
(potassium hydrogen phthalate); the HCl was standardized against the standard
KOH. The above titration was performed before and after trapping to deter-
mine the total COZby difference. Radiolabeled COZwas determined by
counting 0.5 mL of KOH with 2.5 mL water and 15 mL of Ultima Gold
Liquid Scintillation Cocktail (Packard Instruments, Mendan, CT) on a Packard
Tncarb 2500 TR Liquid Scintillation (LS) Counter (Packard Instruments,
Meridan, CT).

Vocs

All intake and exit traps (tenax and charcoal) wem changed weekly. Exit
traps were extracted with 5 mL of methanol in sealed containers and sonicated
for 12 h, 1 mL of the extract was counted by LS.

Microorganisms

Microorganisms were monitored at O, 1, 5, 10, 15, and 20 days in Exper-
imentsI (in clay reactor only), II, and IV; at O, 10, and 20 days in Experi-
ments V and VI; and at Oand 20 days only in Experiment III. Dry weights
were determined at the time of microbial sampling by drying 1 g wet weight in
a 60 ‘C oven for 48 hr.

Microbial biomass was estimated using direct plate counts. Serial dilutions
of compost (10-2through 10-7)were plated onto 5 percent peptone, tryptone,
yeast extrac~ glucose agar (PTYG) with pH adjusted to 6.8 (Table 3) using
standard microbiological techniques. Mesophilic cultures were incubated at
30 ‘C and thennophilic at 60 ‘C for 2 to 3 weeks.

Chapter 2 Materiis and Methods
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Table 3
Composition of Peptone, Tryptone, Yeast Extract, Glucose
Medium

Component glL

Peptone 0.25

II Tryptone I 0.25 II

IIYeast extract I 0.5 II

II Dglucose I 0.5 II

II MgS04 .7 H20 I 0.6 II

I~CaC~. 2 H20 I 0.07 I
II KC{ i 2.0 II

IIwrite I 10.0
[

Analysis of Compost

Bulk density

Bulk density was measumd at the beginning and end of each experiment
except for Experiment I. Determinations were made by measuring the volume
of an equivalent depth of water in the reactor (less the false floor volume) and
determining ODW of the compost.

Fractionation

Solvent extraction series: Experiment IV. The compost fractionation
scheme for Expaiment IV began with a solvent extraction to remove soluble,
unbound explosives residue and transformation products (Figure 3). ‘1’hme
solvents (ether, acetone, and aeetonitrile) were chosen to encompass a broad
range of polarities, i.e., the ether is a nonpolar solvent, acetonitrile is polar,
and acetone is intermediate between the two. After subsarnpling for moisture
content, the compost samples wexvtransferred to preweighed 200-mL glass
centrifuge bottles. Each centrifuge bottle was reweighed and the total amount
of compost in each extraction calculated. The extraction sequence consisted of
consecutive 18-hr extractions on a reciprocating shaker, followed by
centifhgation for 30 min at 2,000 RCF. Each sample was extracted twice
with 50 mL of ether, twice with 50 mL of acetone, followed by two 40-mL
extractions with acetonitrile. The supemate ~m each of the two extractions
with the same solvent was combined. Three 1-mL portions of each solvent
fraction were counted for each sample. The compost was extracted we~ but
was allowed to dry slightly between additions of different solvents.

. .
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[HUMIC AcID] IFULVIC ACID I

Figure 3. Extraction and fractionation scheme for composted material in
Experiment IV. Fractions were assayed by liquid scintillation
counting

Solvent extraction series: Experiments V and VI. In Experiments V and
VI, acetone was eliminated ffom the extraction scheme (FQures 4 and 5)
because the extracts wem colored, which is an indication of stripping of humic
compounds. The compost was sampled and extracted as described pwiously
with two 50-mL extractions each of ether, followed by acetonitrile.

Organic matter fractionation: Experiment IV. The organic matter frac-
tionation procedure was adapted from Stevenson (1989) (F@ure3). After air
drying, the material remaining fmm the final acetonitrile extraction was
reextracted with 50 mL of 0.5 N NaOH for 18 hr. Following phase separation
by centrifigation, the supemate was removed to a second centrifuge bottle.
The remaining insoluble material was reextracted in an additional 50 mL of
0.5 N NaOH for 4 hr. The supemate was combined with the first 50 mL. The
insoluble material was washed in 50 mL of Mini-Q water by shaking for 1 hr.
Before the final centrifugation, the sides of the bottle were rinsed with 10 mL
of MiUi-Q water. The supernate from this rinse was also added to the NaOH
solution. The insoluble material remaining after the NaOH tictionation con-
tained the humin fraction as well as remaining cellulose. This material was
well mixed, subsampled for percent solids determination, and subjected to
complete combustion analysis. The NaOH solution was acidified with
50-percent HCl to a pH of 1 and allowed to settle overnight. After

13
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Figure 4. Extraction and fractionation scheme for composted material in
Experiment V. Fractions were assayed by liquid scintillation
counting

centrifigation to separate phases, the supemate containing the soluble fidvic
acid was removed. ‘Ike 1-mL portions of fulvic acid solution were counted
by LS. The insoluble humic acid remaining in the centrifuge bottle was

. .
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Figure 5. Extraction and fractionation scheme for composted material in
Experiment VI. Fractions were assayed by liquid scintillation
counting

subjected to complete combustion analysis tier subsampling for percent solids
determination.

Organic matter fractionation: Experiment V. The procedure for frac-
tionation of organic matter for Experiment V follows that given above for

.-
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Experiment IV for obtaining the humin, humic, and ii.dvicacid fractions. How-
ever, the humin fraction was further fractionated to separate the cellulose fmm
the true humin material (Figure 4). The residue remaining afier extraction
with NaOH consisted of the cellulose and humin fractions in an aqueous
matrix. This material was extracted with 40 mL of methylisobutyl.ketone
(MIBK) according to the method of Rice and MacCarthy (1989). By this
method, the MIBK phase should contain the humin fiction in suspension.
This extraction caused the MIBK to replace water as the wetting agent for the
cellulose and resulted in the following thee-phase separation: a slightly
colored organic phase (humin in MIBK), an aqueous phase, and an insoluble
phase (cellulose). The aqueous phase was removed and added to the I?aOH
soluble material from the previous extraction. Three 1-mL portions of each
MIBK/humin sample were counted by LS. The cellulose fraction remaining
was well mixed, subsampled for moisture determination, and subjected to
complete combustion analysis.

The NaOH soluble material was acidified as described for Experiment I to
separate the humic and fhlvic acids. The insoluble humic acid was redissolved
in NaOH and acidified once more to remove any remaining fulvic acid. Three
l-rnL portions of the combined fblvic acid fraction were counted by LS. The
humic acid was redissolved in 20 mL NaOH and well mixed to ensure com-
plete dissolution. Three l-mL portions of each sample were counted by LS.

Organic matter fractionation: Experiment VI. The procedure for frac-
tionation of organic matter for Experiment VI followed that given above for
Experiment V through the separation and removal of the acidified fidvic acid
phase from the insoluble humic acid phase. This insoluble phase was deter-
mined to contain both humic acid and hurnin (Figure 5). An additional separa-
tion was accomplished by completely redissolving the humic acid in 15 rnL
0.5 N NaOH, centrifuging to separate phases and removing the NaOH-soluble
hurnic acid fraction. This process was repeated by nxxtracting the insoluble
pellet with an additional 10 mL of 0.5 N NaOH. The resulting supemate was
combined with the f~ humic acid extract. Three 1-mL portions of each
humic acid ffaction were counted by LS. The insoluble material remaining
contained most of the humin fraction. The fraction was analyzed by complete
combustion and/or by suspending the particles in gelled liquid scintillation
cocktail.

Radioactivity

Radioactivity in the compost was meamed by complete combustion of two
replicate samples of 0.10 g, wet weight (or 0.02 to 0.05 g ODW) compost in a
Model 307 Packard Sample Oxidizer (PackaxdInstruments, Meridan, CI’).
Oxidized carbon was trapped as COZin Carbo-Sorb and Pennaflour Liquid
Scintillation Cocktail (Packard Instruments, Mendan, CT) and assayed by LS
counting on a model 250UI?RLiquid Scintillation Counter (Packard
Instruments, Mendan, CT). Samples wem analyzed at 20 days for

.-
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Experiments I and II, at Oand 20 days for Experiments III and IV, and at O,
10, and 20 days for Experiments V and VI.

High performance iiquid chromatography (HPLC)

HPLC for all experiments. Compost samples we~ analyzed for the
following analytes: TNT, 4ADNT, 2ADNT, 24DNT, 26DNT, 24DANT,
26DANT, TNB, and DNB according to the method for soil described in EPA
SW-846 Method 8330 (EPA 1990). The HPLC system consisted of a 600E
system controller, a 712 Wisp Auto Injector, and a 486 Tunable Absorbance
Detector (Waters Associates, Inc., Milford, MA). The compost extracts were
analyzed on an Ultracarb 5 octadecylsilane (ods) 20 (250 x 3.2 mm) column
(Phenomenex, Torrance, CA) eluted with 1:1 methanol/water at 0.5 mL/min.

17
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3 Results and Discussion

Experiment 1

Small-scale reactor performance

Experiment I was intended as a developmental exercise for designing and
testing various components of the test system and for development and refine-
ments in analytical techniques. Results of temperature, COZevolution, and
micmbial counts (Figures 6-8) wem consistent with expected values. Internal
compost temperature was maintained at a mean of 29 * 2 “C (Figure 6). Tem-
perature drops of 10 to 15 “C, which are evident on the graphs when vessels
we~ opened (F@ure6), were attributed to disturbance of the thermistor.
Recovery was rapid once the test chambm were reassembled. Impmvements
in sampling procedures eliminated this temperature artifact in subsequent
experiments.

Carbon dioxide evolving ilom the reactors fluctuated widely throughout the
20-day study (F@um‘7). Some of the variability is attributable to opening
reactom for sampling on days 1, 5, 10, and 15. However, some reactors also
developed leaks and other problems that required opening the reactors at times
other than the sampling periods. Subsequent experiments in which such pro-
blemswere remedied exhibited dramatic reductions in total COZevolved. The
quantity of COZwas also more consistent and variability was reduced.

Total microorganisms as determined by direct plate counts increased from
1.4 x 1(? colony forming units (CFUs)/g at TOto 2.34 x 1010CFUs/g at T~
(F@m 8). Populations declined gradually after the fifth day until near origi-
nal (TO)values were reached by day 20.

Analysis of SOIIS

Radioassays of amended soils befo~ comporting yielded only 31 and
29 percent recovery for the clay and silt, respectively. Subsequent experiments
in which the soil amendment and oxidation methods wem modified nxwlted in
impmved recoveries. (See Experiment III results.)

.-
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Analysis of compost

Complete combustion. Complete combustion analysis of the unextracted
compost yielded 53-percent recovery of the radiolabel from compostd clay
and 36 percent Iiom composted silt (Table 4). These values represent not only
recoveries ffom the combined unextractable and extractable compost, but also
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Table 4
Percent Recoveries of Radioiabei from Aii Compartments in
Experiment 1

Compost

Treatment Combustion HPLCIRadio Vocs C02 Total’

Clay control ND* ND ND ND ND

Clay TNT 1 52.68 ND ND ND 52.68

Clay TNT 2 53.24 ND ND ND 53.24

Silt control ND ND ND ND ND

Silt TNT 1 33.?9 ND ND ND 33.79

Silt TNT 2 38.56 ND ND ND 38.65

II‘Sum of combustion,VOCS, and CC+ recoveries.
2 Nona deteoted. II

total percent recoveries since no radiolabel was recovered from the VOC or
C02 compartments. Therefore, the error term in this mass balance is high, 47
and 64 pervent for composted clay and silt, respectively. The large error was
postulated to be due to the amendment technique used to introduce TNT into
the soils and inadequate oxidation efficiency with the sample oxidizer. The
soils wem amended in a slurry that was subsequently air dried in a thin layer
under a fhme hood. This process may have nxulted in loss of significant
quantities of the radiolabeled material as either volatile decomposition products
or through fine particles blown off the soil surface by the forced air of the
hood. Oxidation of soils containing organic carbon (OC) tends to be mom
efficient than oxidation of soils containing little OC. The recoveries from
compost followed the same trend, i.e., recoveries fkomcompost containing the
higher OC soil (clay) wem higher than nxxweries tim compost containing the
lower OC soil (silt).

HPLC analysis. Compost material subjected to HPLC analysis yielded no
detectable concentrations of TNT, nor transformation products, and no radio-
labeled peaks. Lack of detection by ultraviolet (UV) fluorescence is attribut-
able to (a) lack of extractability of the transformed panmt compound and/or
(b) very low TNT concentrations in the tests. The detection limit with the UV
detector (0.25 pg-TNT/g ODW compost) was exceeded by the test concentra-
tion (1 pg-TNT/g ODW compost). Therefore, lack of detection is more likely
due to lack of extractability.

VOCS and C02

22

No radiolabeled VOCSnor COZwere detected. Low treatment level and
frequent opening of vessels may explain this result since 14C02in very small

Chapter 3 Results and Discussion



quantities was detected in subsequent experiments. However, no radiolabeled
VOCSwere detected in any subsequent experiments in the tenax nor the acti-
vated charcnal traps.

Experiment II

Although the objective of Experiment II was to evaluate micmbial behavior
of the compost system and to refine microbial monitoring procechms, the
experiment also allowed validation of the modifications identified by Experi-
ment I. For example, concentrations and variability in COZdata were dramati-
cally reduced (Figure 9). Temperatum stability was maintained during sam-
pling (Figure 10). Bullcdensity decreased, a probable result of higher moisture
levels at the end of the experiment.

In spite of a greater than lo-fold increase in the TNT amendment compared
with Experiment I, which resulted in 31.82-pg TNT/g and 1 x lti DPWg

ODW of compost, no TNT was detected by HPLC-UV. The TNT detection
limit by HJ?LCin the compost was 0.25-pg TNT/g ODW. Therefore, test
concentrations were well above detection limits. No radiolabeled COZor
VOCSwe~ detected. Complete combustion analysis of unextracted compost
resulted in 64 and 57 percent recoveries of radiolabel fkomthe compost con-
taining TNT-amended clay and silt, respectively (Table 5). Therefore, total
percent recoveries were 64 and 57 percent for composted clay and silt, respec-
tively. The error term was 36 and 43 percent, respectively, an improvement
over Experiment I errors.

More than half of the radiolabel was accounted for in the compost matrix
(extractable plus unextractable compartments). Since no radiolabel was found
in extracts of the compost, all of the radioactivity found in the combusted
samples are attributable to the unextractable compartment. Therefore, all of
the radiolabel was attributable to unextractable transformation products of
TNT.

Microorganisms increased dramatically in response to incubation for 24 hr
in the compost matrix (Figure 8). After the first day, CFUs/g fell gradually
over the rest of the 20-day compost period. Nevertheless, at 20 days, CFUs/g
remained higher than initial levels. Therefore, the compost maintained signific-
ant bioactivity throughout the compost period.

Experiment Ill

.-

Once most of the operational problems were solved, an experiment to better
determine the mass balance of TNT in the small-scale reactors was initiated.
Mean operational parameters m presented in Table 6. Carbon dioxide evolu-
tion (Figure 11) and temperature (Figure 12) we~ stable. Bulk density
increased in both clay and silt ~actom. Microbial populations according to
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Table 5
Percent Recoveries of Radioiabel from All Compartments in
Experiment II

Compost

Treatment Combustion HPLC/Radio WCs (202 Total’

Clay oontml I ND* I ND I ND IND IND

Clay TNT 1 I 65.42 I ND I ND I 0.70 I 66.12

Clay TNT 2 I 62.85 I ND IND I 0.60 I 63.45

ISilt control ND I ND I ND I ND I ND

Silt TNT 1 I58.15 IND I ND I 0.61 I58.76

Silt TNT 2 I 55.30 I ND I ND I 0.50 I 55.80

1 Sum of combustion,VOCS, and C02 recoveries.
2 None detected.

Tabie 6
Mean Operational Parameters for Experiment Ill (i standard
error)

II Parameter I Clay I silt

IITotal C02, mg/day I2,842 + 865 I2,843 + 743

II Temperature, oc I 32* 0.43 I 31 * 0.37

IIBulk density increase, % I 20& 2.7 I 26* 2.5

II Microorganismsat T=, CFUs/g I 1.26x 10’ I 2.29X 109

dinxt counts remained sIightly higher at the end of this experiment than was
the case in the first two experiments. Maximum populations after comporting
were in the IN CFUs/g range.

Summation of radioactivity recovered horn the compost and COZresulted
in 95.8 * 4.1 and 71.4 * 9.8 percent nxoveries for composted clay and silt,
respectively (Table 7). Only 0.4 * 0.03 and 0.53 k 0.00 percent of this was
14COZfrom the clay and silt, respectively. No radioactivity was observed in
VOC traps. Even with 350-pg TNT/g soil added to tests, analysis of extract-
able compost by HPLC nmlted in no detection of TNT or transformation
products by UV. These results indicate that TNT was converted into some
unextractable form that remained in the compost matrix.

.-
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Experiment IV

ThermophIIIc comporting

Maintaining a high temperate with an open water bath presented some
difficulties. Evaporation rates were high at 55 “C, necessitating continuous
replenishment of the water bath, with concomitant fluctuations in compost
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28

Mean daily maximum, average, and minimum temperatures in composted clay and
silt reactors from Experiment Ill. Each datum point represents average of 30-min
readings recorded in each 24-hr period. Controls received no TNT
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Table 7
Percent Recoveries of Radiolabel from All Compartments in
Experiment Ill

Compost

Treatment Combustion HPLCAJV WCs (X)2 Totai’

Clav mMrol ND2 ND ND ND ND

Clay TNT 1 91.78 ND ND 0.40 92.18

Clay TNT 2 99.90 ND ND 0.47 100.37

Siltcontrol IND IND I ND I ND I ND

SiltTNT 1 I81.19 IND IND I 0.53 I 81.72

Silt TNT 2 [ 61.59 [ ND I ND I 0.53 [ 61.12

1 Sum of combustion,VOCS, and C02 recoveries.
2 None detected.

temperature as the water level in the bath dropped below the compost material
level ovemigh~ Fittings and seals we~ also more difficult to maintain. The
temperature range was wider than for other mesophilic experiments, and the
average temperature (46 * 6,6 ‘C, Figure 13) was at the low end of the therrn-
ophilic range of 45 to 65 “C (Alexander 1977).

Mean total COQproduction was 23.00 * 1.8 mg per day (Figure 14), which
is typical of the COQproduced in other experiments, both mesophilic and
thermophilic.

Populations of mesophilic microorganisms, which may have been present as
viable spores and other resting stages in the thermophilic envimnmen~ peaked
at 10 days in the composted silt with (5.3 t 1.2) x 109colony-forming units
(CFUS)per g (ODW) (F@ure 15). Mesophiles in the composted clay were
relatively constant throughout the experimental period, averaging (3.0 * 0.7) x
108CFUs/g (Figure 15). Thermophilic microorganisms peaked at 15 days,
with (3.3 * 1.3) x 1(? and (5.2 t 1.5) x 1($ CFUSper gram in silt and clay,
respectively (Figure 15).

Bulk densities of treatments before and after comporting did not differ
signiilca.ntly(’Table8).

.-

Complete combustion of composted material. Complete combustion
analysis of composted material rwulted in recovery of essentially all the added
radioactivity (’Table9). Means of all TNT treatments except one were within

29
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one standard deviation unit of 100 percent. This result indicates that virtually
all of the added radioactivity remained in the compost matrix after 20 days.

Fractionation of composted material. Fractionation resulted in poor total
recoveries; however, significantly mom of the radioactivity (30 percent) was
recovered fkom the insoluble ffaction (cellulose + humin) than from other
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ban are standard errors

fractions (Table 10). Only 7.4 percent of the radioactivity was solvent extract-
able (ether, acetone, and acetonitrile extracts combined).

.-

Recoveries of radiolabeled COZand VOCS. Only 0.45 * 0.15 percent of
added radioactivity was recovered as COZfmm silt and clay reactom No
radioactive VOCSwere detected.

32
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Table 8
Bulk Densities (g/cm3) Before and After Comporting

Experiment - Treatment TO T=

I Clay Controll 0.182 0.131
silt Control 0.16 0.099
Clay Treatments 0.154 * 0.0075 0.142 * 0.0095
Silt Treatments 0.158 * 0.0040 0.127* 0.0070

II Unautodavecf 0.178 * 0.010 0.144 * 0.0025
1/3 Unautoclave& 0.172 t 0.037 0.142 * 0.0050
Adoc4ave& 0.200 t 0.076 0.132 ~ 0.0075

Ill Contro13 0.188*0.00 0.135 * 0.013
Umatilla4 0.152 * 0.0079 0.166 * 0.020

1 only one reactor for each soil type was a controlreceivingno radiolabeledTNT.
z Each soil was composted in two replicates for Experiment I; each treatment was composted
intwo replicates for Experiment Il.
3 The two controlreplicates of Umatilla soil received no radiolabeled TNT.
c Four replicatesof Umatilla soil received radiolabeledTNT.

Table 9
Percent Recoveries of Radioactivity from Unfractionated
Compartments in Experiment IV

Treatment Combustion WCs CO* Totat’

Clay Control NDb ND ND ND

Clay TNT 1 l17&8.9tf ND o.91d 118

Clay TNT 2 101 * 4.96 ND 0.26 101

silt control ND ND ND ND

Silt TNT 1 106*9.54 ND 0.27 106

Silt TNT 2 106* 14.5 ND 0.36 107

‘ Sum of combustion,VOCS, and C02 recoveries.
b None detected.
c Mean of two replicate samptes combustwdfrom each reactor after 20 days * standard error.
d Total percent recovered from daily assays of traps for each reactor.

Experiment V

Autoclaving of compost exerted no effect upon the mesophilic temperature
regime (Figure 16) nor upon the total COZgenerated (Figure 17). Overall
mean temperatures for unautoclaved (27.21 * 0.16 “C); one-third unautoclaved
(27.15 * 0.32 “C), and autoclave (27.08* 0.041 “C) ~atments did not differ
significantly. Total mean COZproduction for unautoclaved (20.44 * 1.93 g),
one-third unautoclaved (18.49 * 2.33 g), and autoclave (17.68 * 1.45 g) mat-
ments did not differ significantly. Both temperature and total C02 were typi-
cal of previous mesophilic experiments.

Chapter3 Results and Discussion
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Table 10
Percent Recoveries of Radioactivity from Compost Fractions in
Experiment IV

Fraction - I Percent Recovery

Ether Extract 5.5

Acetone Extract 1.8

AcetonitrileExtract 0.1

Cellulose + Humin 30.0

Humic Add 11.0

FulvicAad 3.1

Autoclaving all of the compost and two-thirds of the compost rtxluced the
micmbial counts at the initial sampling time only (Figure 18). Either autoclav-
ing was insui%cient to completely eliminate all the microflora, including
spcmx, or sterile conditions were not maintained over time. Autoclaving may
have released nutrients horn the compost, which promoted the recovering
microbial populations to numbers slightly above those of the unautoclaved
tests at 10 and 20 days. Because microbial populations recovered so rapidly,
no conclusion concerning abiotic transformations of TNT in the compost can
be drawn.

Bulk densities of treatments before and after compost.ingdid not differ
significantly (Table 8). Bulk densities decreased slightly from TOto T20,per-
haps because of swelling of particles as they adsorbed mom water during the
course of the comporting.

Mass balance

Complete combustion of composted material. Recoveries of radioactivity
wem unusually high cable 11). These results am due to problems with the
sample oxidizer, which were subsequently corrected. Unfortunately, insuffi-
cient sample remained to recombust the composted material.

Fractionation of composted material. Recovery of radioactivity from the
combination of the two extracting solvents, ether and acetonitrile, was compa-
rable to total ~coveries when all three solvents were used (Experiment IV).
Therefore, omitting acetone fmm the fractionation scheme had no adverse
effect upon recoveries. As anticipated, omission of acetone reduced the strip-
ping of humics into the solvent ilactions. Fractionation of the alkaline insolu-
ble fraction (cellulose + humin) with MIBK resulted in three phases-an
MIBK phase containing the humin, an insoluble phase (cellulose), and an
aqueous phase. The aqueous phase consisted of slightly alkaline water forced

.-
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Table 11
Percent Recoveries of Radioactivity from Unfractionated Com-
partments In Experiment V

Treatment I Combustion I Vocs I (X)2 I Tots!’

Unautodaved 1 I144*5.0?’ INDC I 0.6fi I ,44

Unautodaved 2 I 103*5.53 I ND I 0.60 I 104

1/3 Unautoolaved 1 I 181 t 3.58 I ND I0.15 I181

1/3 Unautoolaved2 I186k4.67 IND I0.26 I186
Autodaved 1 I117*2.80 I ND I 0.26 I 117

Autodaved 2 I 168*0.73 ND 0.37
I

168

. Sum of mmbustion, VOCS, and COZrecoveries.
b Mean of two replicate samples combusted from each reactor after 20 days k standard error.
c None deteoted.
d Total percent reoovered from daily assays of traps for each reactor.
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fmm pore spaces in the humin/cellulose material by the MIBK. Therefore, the
aqueous phase, which contained a suspension of insoluble material, was added
to the basic humic/fhlvic acid solution, where it underwent separation for
humic acid and fulvic acid.

Results of radioassays of extraction residues were comparable with results
for Experiment IV (Figure 19). Diffenmces among treatments wem minimal.
The cellulose fraction accounted for most of the ~covemd radioactivity in all
three treatments. The humin fraction was extremely small, approximately
0.5 percent in all treatments. Radioactivity in the separate fractions was
approximately the same in all treatments, an indication that autoclaving exerted
limited effect on the distribution of TNT and/or its transformation products.
Total solvent extractable radioactivity was less than 20 percent (17.76 *
1.37 percent). More than half of the radioactivity (57.61 * 4.50 percent) was
accounted for in fkactionsthat were unextractable with solvents.

Recoveries of radiolabeled COZand VOCS. Less than 1 percent of the
14C02 (Table 11). Unautoclaved treatmentsradioactivity was recovered as

generated significantly more 14COZthan other treatments, but levels were con-
sistently low and typical of results of other experiments. Also consistent with
other experiments was the absence of radiolabeled VOCS.

Recoveries of explosives and transformation products from composted
material. Results of HPLC/ultraviolet (UV) analysis of composted material at
TOand Tm indicated only slight differences between treatments (Figure 20).
The To values for the explosives TNT, RDX, and HMX did not differ with
~atment, Therefore, autoclaving exerted no effect upon concentrations of
explosives in the compost. The TOsample for the unautoclaved treatment was
10SL However, the TOvalue for Experiment VI, which had the same composi-
tion and was also unautoclaved, is no different from the TOvalues for the one-
third unautoclaved and the autoclave samples in Experiment V. Therefore,
the assumption that the Experiment V TOvalue would be the same as for other
~atments is reasonable. The TZOvalues for TNT and RDX decreased signifi-
cantly from TOvalues, an indication that these explosives had been transformed
or degraded during the comporting process. The TNT and RDX levels in the
two autoclave treatments wem lower than in the unautoclaved treatments.
This may be due to release of nutrients during autoclaving, which promoted
micmbial transformation, and/or to changes in the chemical composition of the
compost during autoclaving, which increased any abiotic processes such as
sorption and chemical transformation. The HMX values were less affected by
autoclaving showing only a slight decnimsein the treatment where all of the
compost was autoclave, but no change in the one-third unautoclaved
treatment

.-

38

Two of the tra.nsfonnationproducts of TNT, 4ADNT and 2ADNT, were
detected in the TOand TZOsamples (F@ure20). The TOconcentrations of
4ADNT were significantly less in the autoclave treatments than in the
one-third unautoclaved treatment. Autoclaving may have decreased the
concentration of 4ADNT aheady present in the compost at To. Concentrations

Chapter 3 Results and Discussion



Cel
3

Hum4i;4Acid
Fulvic Acid

Ct

cel~u
.

0.50
Fulvic Acid Humic Acid

UNAUTOCLAVED
Ct

Cej~~6se

1/3 UNAUTOCLAVED

Fulvic Acid Humic Acid

t&&4 Extr
.

r Extract
8.72

AUTOCIAVED

‘act

Figure 19. Percent recovery of added radioactivity in each fraction of composted Umatilla soil
in Experiment V. Values are means of two replicate compost reactors

.-

Chapter 3 Results and Discussion
39



o
Q

E
8

100 I
L I

10
t

!5 I

E

0.1 1
U 1/3 A

I

U 1/3 A

I

U 1/3 A

ETl
u Unautoclaved

1/3 1/3 Unautoclaved

A Autociaved

T

U 1/3 A

T T-

U 1/3 A

TNT RDX HMX 4ADNT 2ADNT

Figure 20. Results of HPLC/UV analysis of composted Umatilla soil from Experiment Vat TO
and Tm. Means of two replicates are shown with standard error bars. The TO
unautoclaved sample was lost

of 4ADNT increased dramatically in all treatments from TOto TZO,probably as
a result of microbial transformation during the comporting process. The TZO
concentrations of 4ADNT did not differ with treatment. Concentrations of
2ADNT at TOdid not differ with treatment, but the TZOautoclave treatment
was significantly less than other treatments (Figure 20). Concentrations of
2ADNT were significantly lower than concentrations of 4ADNT at T20. This
result suggests that 4ADNT formation is favored over 2ADNT formation dur-
ing comporting. This is not surprising since the para position on the TNT
molecule is chemically more ~active than the meta position. Formation of
4ADNT and 2ADNT were insufficient to account for all of the decrease in
TNT obsenwd. Since no radiolabeled 14COznor VOCSwe~ found, these
results are consistent with radioassay results that indicated transformation of
TNT to products that we~ unextractable for HPLC/UV analysis.
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Experiment VI

Operational parameters

Overall average temperature (49.4 * 0.0410 ‘C) was within the thermophilic
range. Average temperature for the two control reactors (51.5 * 0.045 ‘C) was
slightly higher than the average for the four mactom that had xeceivedradio-
labeled TNT (48.38 t 0.039 ‘C). The small amount of radiolabeled TNT
added to treated reactom relative to the high concentration of TNT already
present fmm the soil (Table 2) should have had little effect on the temperature
of the reactors. The differences observed are more likely a function of main-
taining the reactors at high tempxature, e.g., opening and closing reactom to
seal leaks. The minimum temperature each day for each reactor (Figure 21)
shows the fluctuations occasioned by such problems.

Total COZevolution fmm controls (18.53 * 0.062 g) was not significantly
different fmm treatments (17.88 * 0.87 g) (F@ure22). These C02 values are
slightly lower than values obtained in Experiment I with composted silt and
clay soils (23.00 * 1.8 g), but are consistent with values obtained with com-
posted UMDA soil in Experiment V (18.21 t 0.26 g).

Microbial populations followed the trend expected for thermophilic com-
porting (Figure 23). The population of thermophilic microorganisms incmsed
fkom ld CFUs per g at TOto 109at TZO.The mesophilic population gradually
declined horn 1(? to 108because of the elevated temperature

Mass balance

Complete combustion of composted material. The percent recovery of
radioactivity from complete combustion of the four Umatilla treatments was
108.96 t 9.00 percent (Table 12). This result indicates that essentially
100 percent of the added radioactivity remained in the compost matrix after
20 days.

Fractionation of composted material. Both ether, a nonpolar solvent,
and acetonitrile, a polar solvent, were kept as the extraction solvents for TNT
and transformation products to retain continuity with Experiments IV and V.
In future experiments, switching to acetonitrile alone as the extraction solvent
is recommended. Tests in the U.S. Army Engineer Waterways Experiment
Station laboratory (data umqmted) have shown that qeated extractions with
acetonitrile removed most of the extractable explosives and their transforma-
tion products from both compost and soils. Use of acetonitrile alone would
further reduce humic stripping without sacrificing recovew, and since acetoni-
trile is the extracting solvent of choice for HPLC analysis (EPA 1990), the
comparability of fractionation data with data obtained ffom HPLC analysis
would be iInpI’OVd.

. .
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Table 12
Percent Recoveries of Radioactivity from Unfractionated
Compartments in Experiment VI

Treatment Combustion WCs (X+ Totar

UMDA Control 1 NDb ND ND ND

UMDA Control 2 ND ND ND ND

UMDA TNT 1 115* 19.1C ND O.lY 115

UMDA TNT 2 I128i 3.07 IND I0.13 I128
UMDA TNT 3 I 85* 15.4 I ND I 0.20 I 85

UMDA TNT 4 I 107 * 5.15 ND 0.22 107

a Sum of combustion,VOCS, and C02 recoveries.
b None detected.
c Means of four replicate samples oombustedfrom each reactor after 20 days * standard
error.
d Total percent reoovered from da’ly assays of traps for each reactor.

Although total percent recovery of the radioactivity (96.4 percent) was
better than in pnxious experiments, the relative distribution among fractions
was comparable (Figure 24). Most of the radioactivity (31.98 percent) was
recovered in the cellulose ftaction. Humin ~presented a larger portion
(21.94 percent) than in the previous experiment, but this is due to refinements
in the fractionation pmcedu~. The amount of solvent extractable radioactivity
and the humic and fulvic acid fractions were very similar to those of
Experiment V.

Evolution of 14COzand VOCS. Only 0.17 * 0.023 percent of the radio-
14C02 This value is comparable with COZrecover-activity was recovenxi as .

ies from previous experiments, which were generally less than 1 percent. As
for all other compost experiments, no VOCSwere detected.

HPLCAJV analysis of composted material. Concentrations of TNT
decreased horn TOto Tm, just as observed in Experiment V (Figure 25). Con-
centrations of RDX also dec~ased, but the difference between To and T20
values was not as great as in Experiment V. Concentrations of HMX did not
change significantly between To and Tzo. The TNT transformation product,
4ADNT, inc~ased fmm To to Tn as in Experiment V. The TNT transforma-
tion product, 2ADNT, did not incmse as much between To and Tm in Experi-
ment VI as in Experiment V. Differences in analyte results between the two
experiments were relatively small (Figu~s 20 and 25).
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itrile Extract
5.26
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4.6

Figure24. Percent recove~ of added radioactivi~ in each fraction of com-
posted Umatilla soil in Experiment V1. Values (percent of added
radioactiv~) are means of four replicate compost reactors
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Figure 25. Results of HPLC/UV analysis ofcomposted Umatilla soil at TOand
Ta in Experiment V1. Means for all six reactors are shown with
standard error bars
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4 Conclusions

Experiment I served as a developmental process for comporting of TNT at
a small scale. The operation of the system and development of procedures for
analyzing the compost were improved based on results of Experiment I.

Results of Experiment 11showed that the micmbial activity profiles a~
typical of comporting systems. The small-scale compost reactors were capable
of simulating the important parametem of the comporting process.

Mass balance determinations horn Experiment 111indicated no significant
losses of TNT or its decomposition products horn the compost as volatile
organic compounds or carbon dioxide. These results indicate that TNT is not
mineralized during comporting. No solvent extractable compounds we~
detected with HPLC, an indication that unbound compounds were absent. As
much as 99 percent of the radiolabel was recoveti fkomthe compost matrix.
Therefore, TNT and its transformation or degradation products have been
bound to the compost matrix in some unextractable form.

Comporting at the low end of the thermophilic range (46 “C) was achieved
in Experiment IV by maintaining compost in a water bath at 55 “C. The
experiment allowed refinements in the thermophilic operation of the reactors,
which resulted in improved data for the thermophilic experiment with UMDA
soil (Experiment VI). Autoclaving of compost material prior to comporting
for Experiment V eliminated micmbial activity for the first few days only.
Since microbial populations recovered so rapidly, no conclusions concerning
abiotic transformations of TNT in the compost can be drawn Iiom the results
of this experhnen~ Total solvent extractable radioactivity was less than 20
percent, while most of the radioactivity (nearly 40 percent) was found in the
cellulose fraction.

The mean temperature for mactom in Experiment VI (49.4 “C) was within
the thermophilic range (45 to 65 “C). Total recovery of radioactivity from the
compost Ikwtions was 96.4 percent The cellulose fraction, which accounted
for 32.0 percent of the radioactivity, was the largest fraction, followed by
humin (21.94 percent). Relative amounts of radioactivity recovered from
solvent extractable fractions and humic and fulvic acid fractions were similar
to those of Experiment V. Little radiolabeled COZand no VOCSwere
detected.
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When UMDA soil was composted under thermophilic conditions (Experi-
ment VI), more than half of the initially added radioactivity was recovered in
cellulose and humin fractions in a form not extractable with organic solvents.
The implications for the ultimate long-term fate of degradation/transformation
products of TNT-after comporting are unclear. Cellulose, which consists of
undecayed or partially undecomposed plant remains, will ultimately degrade in
the presence of mtural assemblages of cellulolytic bacteria and fungi in soil.
The half-life of cellulose in soil is highly variable, ranging from several weeks
to many years. This is true because degradation rate is controlled by several
soil variables, i.e., available nitrogen, temperature, aeration, moistum, pH, and
the presence of other carbohydrates and lignin from the original plant material
(Alexander 1977). The reason for residual cellulose in the compost material is
that the microbial population has not been sustained at an optimal degradation
rate for long enough to degrade all of the cellulose. After microbial popula-
tions rise, consume available nutrients, accumulate metabolic waste products
and excessive heat, and decline, the comporting process stops. Cellulolytic
microorganisms may be exhausted after comporting, preventing fhrther degra-
dation of the xemainingmore recalcitrant fractions. The chemical composition
of the explosive/cellulose matrix is unknown. Humin is extremely recalcitrant
to further decomposition in soils, having a mean xwidence time of hundreds of
years (Stevenson 1989). However, since the nature and characteristics of the
explosive/humin fkaction is unknown, its long-term stability in compost is also
unknown.

Lack of extractabilityof explosives and explosives products from the com-
post matrix creates difficulties in the routine characterization of the final com-
post material. Analysis of extractable components by HPLC resulted in detec-
tion of only two TNT transformation products, 4ADNT and 2ADNT, in
extracts. Concentrations of these products failed to account for the total
decrease in extractable TNT observed. TNT is not mineralized to VOCS,and
almost no COZis produced. Instead, only transformation to the solvent extrac-
table products 4ADNT and 2ADNT and conjugation to cellulosic, humin,
humic acid, and fhlvic acid occur. The form and characteristics of the residual
products and their long-term stability and environmental safety have not been
determined.
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